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METHOD FOR FORMING ZnO NANO-ARRAY AND ZnO NANOWALL 
FOR UV LASER ON SILICON SUBSTRATE 

CROSS-REFERENCE TO RELATED PATENT APPLICATION 

This application is a 35 U.S.C. § 371 National Phase Entry Application from 
PCT/KR2004/002866, filed November 6, 2004, and designating the U.S. 

BACKGROUND OF THE INVENTION 
TECHN I CAL F I ELD 1. Field of the Invention 

The present invention relates to low-temperature formation methods of a 
perfectly oriented and grown ZnO nanorod array and a new type ZnO nanowall array 
having new crystal growth rate, morphology, and orientation, on a ZnO 
nanoparticle-coated substrate. 

BACKGROUND ART 2. Description of the Related Art 

Recently, there has been observed room-temperature UV laser emission in 
ZnO semiconductors. Therefore, much attention has been paid to ZnO 
semiconductors as promising substitutes for Group lll-V nitride semiconductors that 
have been most widely used for UV-lasers and light-emitting diodes (LEDs). With 
respect to bulk ZnO, laser emission is observed only at an ultra-low temperature. 
However, as the size of ZnO is reduced to a nanometer level, room-temperature 
laser emission occurs. In this respect, numerous studies that have been made 
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hitherto have been focused on enhancement of laser characteristics by 
size-reduction of ZnO. 

Generally, in UV laser of ZnO, the [0001] polar planes play an important role 
both as reflecting mirrors and Fabry-Perot cavities. In this respect, the perfect 
orientation of the [0001] planes is a very important factor in laser characteristics of 
ZnO. With remarkable development in the area of science, such perfect orientation 
has been accomplished by molecular beam epitaxie (MBE) (J. Appl. Phys. Lett., 90, 
4973, 2001), metal-organic chemical vapor deposition (MOCVD) (J. Mater. Res., 16, 
1358, 2001), pulsed laser deposition (PLD) (J. Appl. Phys. Lett., 85, 7884, 1999), 
etc. 

However, the above technologies generally require expensive equipment, 
high vacuum condition, high-temperature heat treatment, and the like. In particular, 
due to the difficulty of fabrication of vacuum chambers that can sustain high vacuum, 
it is impossible to form a large-area ZnO nanorod array. Furthermore, 
high-temperature heat treatment causes numerous oxygen defects. These oxygen 
defects are a major cause of broad green emission at about 510 nm and increase 
the laser threshold by interfering with UV emission. 

Meanwhile, there has been recently reported a method of forming a 
high-quality ZnO nanorod array by a gold-catalyzed VPT (vapor-phase transport) 
process in which a bulk precursor is heat-treated around 1,000°C [Science, 292, 
1897, 2001]. Even though no expensive equipment is used for this method, there 
is a limitation on the type of a substrate that can be used for such a 
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high-temperature heat treatment. That is, there have been mainly used substrates 
made of sapphire [Science, 292, 1897, 2001], GaN [J. Appl. Phys. Lett, 77, 537, 
2000], ScAIMgO-4 [J. Cryst. Growth, 242, 283, 2002], LiNb0 3 [Thin Solid Films, 347, 
238, 1999], etc. which have a small lattice mismatch with ZnO and a high thermal 
stability. However, these substrates are very costly, which renders industrial 
application difficult. 

A Si-wafer is very inexpensive and the currently most advanced electronics 
technology has been applied thereto. However, there are disadvantages with 
Si-wafer are that a lattice mismatch with ZnO is very high (about 40 %), and 
amorphous Si0 2 rapidly grows at a low temperature, relative to ZnO, thereby 
preventing the crystal growth of ZnO [Appl. Phys. Lett., 78, 1511, 2001]. To 
overcome these problems, many researchers have made efforts to synthesize ZnO 
nanorod arrays on Si-wafers using low-temperature hydrothermal synthesis. 

However, there arise other problems such as random growth of ZnO on a 
Si-wafer from a nutrient solution in a hydrothermal synthesis condition, imperfect 
orientation of ZnO rods due to very large lattice mismatch between the Si-wafer and 
ZnO, and formation of ZnO microrods [Chem. Comm., 80, 2002., Adv. Mater., 14, 
1 221 , 2002, and J. Phys. Chem. B, 1 05, 3350, 2001 ]. This ZnO array can produce 
laser only at a very low temperature as described above. 
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SUMMARY OF THE INVENTION 
In view of the above problems of conventional formation methods of ZnO 
nanorod arrays, it is an object of the present invention to provide a method of 
forming a ZnO nanorod array perfectly oriented only at a very low temperature on a 
substrate using ZnO nanoparticles at a much lower temperature than in the 
conventional methods. 

It is another object of the present invention to provide a method of forming a 
ZnO nanowall array having a new morphology different from previously known ZnO 
nanorod arrays using ZnO nanoparticles. 

In order to solve the problems of previously known ZnO nanorod arrays, the 
present invention provides a method of forming a ZnO nanorod array, perfectly 
oriented only at a very low temperature, on a substrate at a low temperature- 
More particularly, the present invention provides a method of forming a ZnO 
nanorod array, which includes: coating on a substrate ZnO nanoparticles serving 
both as a buffer layer and a seed layer and growing the ZnO nanoparticles into 
crystals in a nutrient solution containing hexamethylenetetramine and Zn nitrate, Zn 
acetate, or a derivative thereof. 

In the method, a reaction temperature is in the range of 30-400 °C, and 
preferably 90-1 00 °C. The volume ratio of Zn nitrate, Zn acetate, or a derivative 
thereof to hexamethylenetetramine in the nutrient solution is 10:1 to 1:10, and 
preferably 1:1. The size and morphology of ZnO nanorods can be controlled by 
adjusting the concentration and composition ratio of the nutrient solution for the ZnO 
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nanorod array. For example, a reaction time of 6 hours produces ZnO nanorods of 
about 1 um in length and a reaction time of 24 hours produces ZnO nanorods of 
about 2 urn in length- 
Problems of random orientation and bulk size of ZnO rods produced by a 
common hydrothermal synthesis are overcome by coating on a substrate uniform 
ZnO nanoparticles serving both as a buffer layer and a seed layer according to the 
present invention. That is, since the uniform ZnO nanoparticles have the same 
structure as ZnO to be grown, they not only can serve as an excellent buffer and 
seed layer for ZnO nanorods to be grown on the substrate but also can control the 
ZnO nanorods to a uniform, predetermined level size. The ZnO nanorod array 
thus formed exhibits similar laser characteristics to existing high-quality ZnO 
nanorod arrays synthesized at a high temperature or using expensive eguipment. 

The present invention also provides a method of forming a ZnO nanowall 
array having a new morphology different from a general ZnO nanorod array- 
More particularly, the present invention provides a method of forming a ZnO 
nanowall array, which includes: coating on a substrate ZnO nanoparticles to serve 
both as a buffer layer and a seed layer and growing the ZnO nanoparticles into 
crystals in a nutrient solution containing sodium citrate and Zn acetate or its 
derivative. 

In the method, a reaction temperature is in the range of 30-400 °C, and 
preferably 90-1 00 "C . The volume ratio of Zn acetate or its derivative to sodium 
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citrate in the nutrient solution is 30:1 to 1:10, preferably 10:1. Like the ZnO 
nanorod array, the size and morphology of ZnO nanowalls can be controlled by 
adjusting the concentration and composition ratio of the nutrient solution for the ZnO 
nanowall array. For example, when the volume ratio of a Zn acetate solution to a 
sodium citrate solution is 20:1, the length and thickness of ZnO nanowalls are 
respectively increased up to 2 um and 100 nm. That is, as the content of a sodium 
citrate solution decreases, the size of the ZnO nanowalls increases, and vice versa. 

The ZnO nanowall array of the present invention has not been reported 
previously. The ZnO nanowall array of the present invention exhibits superior laser 
characteristics, relative to any previously known ZnO nano-arravs. Generally, the 
crystal growth rate of ZnO nanorods is in the order of Vmnnn » Vrm.mi > Vmnn.n. Due 
to this, size reduction of the ZnO nanorods to increase laser characteristics results in 
the sizes of the [00011 planes get much more reduced than those of the [01-101 or 
[1 1 -201 nonpolar planes [J. Cryst. Growth, 204, 1 86, 1 9991. Therefore, incident light 
by external optical pumping is most scattered by the small-area [00011 
planes. Furthermore, as in general high-quality ZnO nanorod arrays in which all 
[00011 planes are oriented along the direction of incident light, most light refracted by 
the [00011 planes is reflected outward without interruption. 

Actually, the refractive index (2.45) of ZnO is much higher than that (1 .00) of 
an ambient air, and thus, most incident light is directly reflected. Therefore, only a 
minute portion of incident light is transmitted and used for laser of ZnO. The lowest 
laser threshold in ZnO nanorods that have been developed hitherto is 40 kW/cm 2 
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which is obtained in a nanorod array synthesized by a gold-catalyzed VPT process 
as described in the literature [Science, 292, 1897, 20011. To overcome these 
problems of common ZnO nanorod arrays, the [00011 planes must be large enough 
to allow incident light to pass through. Furthermore, the [0001 1 planes must face 
with each other to create optical traps so that reflected light dose not easily escape 
outward. In addition, the [00011 planes must be nano-sized to easily induce laser. 
A structure fulfilling these reguirements is referred to as "nanowall" structure- 
In the present invention, the crystal growth rate of the [00011 planes of the 
ZnO precursor nanoparticles is adjusted by low-temperature hvdrothermal synthesis 
using citrate ions as follows: Vm.?™ or Vrm-mi » Vmnnn -■ Vmnn-n. The citrate ions are 
fixed to Zn ions of the [0001 1 polar planes by electrostatic force. Therefore, the 
[00011 planes are efficiently blocked from the nutrient solution, thereby decreasing a 
crystal growth rate [J. Am. Chem. Soc, 124. 12954, 20021. 

Such low-temperature synthesis of the present invention enables use of a 
Si-wafer, unlike conventional technigues. Each ZnO nanowall has micro-sized 
[00011 planes and nano-sized [11-201 or [01-10] planes. The size of each plane 
can be controlled by adjusting the concentration of the citrate ions, reaction 
temperature and duration, and the concentration of the nutrient solution. The ZnO 
nanowalls thus formed create perfect optical traps by exceptional arrangement of the 
[00011 planes and have larger-area [00011 planes, relative to those of ZnO nanorods, 
thereby producing superior laser characteristics to currently available ZnO 
structures. 
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The ZnO nanoparticles used herein can be synthesized by a known method 
Tfor example, L. Spanhel and M. A. Anderson. J. Am. Chem. Soc. 113, 2826, 19911. 

ZnO nanorod or nanowall array formation methods of the present invention is 
described in more detail. Organic substances and amorphous SiO? on a substrate 
(e.g.. Si-wafer, sapphire (AbOA GaN, ScAIMq04. LiNbO^, etc.) were removed by 
pretreatment. Then, ZnO nanoparticles are coated on the substrate, for example 
by dip-coating, spin-coating, or the like. The ZnO nanoparticles-coated substrate is 
placed in a Teflon autoclave and incubated with a nutrient solution at a low 
temperature, for example 90 to 100°C, preferably 95 °C. A final product is washed 
with deionized water followed by water removal. 

A low-temperature formation method of a ZnO nanowall array according to the 
present invention includes synthesizing ZnO nanoparticles, coating the ZnO 
nanoparticles on a substrate (e.g., Si-wafer, sapphire (AI7 O 3), GaN, ScAIMg04, 
LiNbO^, etc.), and growing the ZnO nanoparticles into crystals in a nutrient solution 
containing citrate ions. At this time, a pretreatment of the substrate and a reaction 
condition are the same as in the ZnO nanorod array formation method. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The above and other features and advantages of the present invention will 
become more apparent by describing in detail exemplary embodiments thereof with 
reference to the attached drawings in which: 
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FIG. 1 is a High-Resolution Transmission Electron Microscopy (HR-TEM) 
image of ZnO nanoparticles prepared according to the present invention; 

FIG. 2 is (a) a surface Scanning Electron microscopy (SEM) image, (b) a 
cross-section SEM image, and (c) a cross-section TEM image of a ZnO nanorod 
array formed on a Si-wafer; 

FIG. 3 is a powder X-ray diffraction pattern of a ZnO nanorod array formed on 
a Si-wafer; 

FIG. 4 is power-dependent photoluminescence (PL) spectra of a perfectly 
oriented ZnO nanorod array formed on a Si-wafer; 

FIG. 5 is a PL spectrum of a ZnO nanorod array at 200 kW/cm 2 ; 

FIG. 6 is SEM images of (a) a surface and (b) a cross- of a ZnO nanowall 
array formed on a Si-wafer; 

FIG. 7 is (a) an HR-TEM image of surface and (b) an HR-TEM image of 
cross-section of a ZnO nanowall array; 

FIG. 8 is an illustration for the structure of ZnO nanowalls; 

FIG. 9 is a powder X-ray diffraction pattern of a ZnO nanowall array; 

FIG. 10 is power-dependent PL spectra of a ZnO nanowall array; 

FIG. 11 is a PL spectrum of ZnO nanowalls at 15 kW/cm 2 ; 

FIG. 12 is an SEM image of a flower-like ZnO array formed on a Si-wafer by 
dip-coating in ZnO nanoparticle solution diluted more than about 20 times; 

FIG. 1 3 is an SEM image of bulk ZnO particles with pineapple shape formed 
from a remaining solution after synthesis of a ZnO nanowall array; and 
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FIG. 14 is a SEM image of hexagonal plate-like ZnO nanoparticles formed by 
reacting ZnO nanoparticles with a nutrient solution without dip-coating on a Si-wafer. 

DETAILED DESCRIPTION OF THE INVENTION 
Tochn i ca l Goa l of tho I nvent i on 

I n v ie w of th e abov e prob le ms of convent i ona l format i on m e thods of ZnO 
nanorod arrays, i t i s an object of tho prosont invent i on to prov i de a method of 
form i ng a ZnO nanorod array perfect l y or i ontod on l y at a vory l ow tomporaturo on a 
substrate us i ng ZnO nanopart i dos at a muGh lowor tomporaturo than i n tho 
convent i ona l methods. 

I t i s anoth e r object of the pr e s e nt i nv e nt i on to prov i d e a m e thod of form i ng a 
ZnO nanowa ll array having a now morpho l ogy d i fferent from prev i ous l y known ZnO 
nanorod arrays us i ng ZnO nanopart i c l es. 

I n ordor to so l vo tho prob l ems of previous l y known ZnO nanorod arrays, tho 
pr e s e nt i nv e nt i on prov i d e s a m e thod of forming a ZnO nanorod array, p e rf e ct l y 
or i ontod on l y at a vory l ow tomporaturo, on a substrato at a l ow tomporaturo. 

Moro part i cu l ar l y, tho prosont i nvent i on prov i des a mothod of form i ng a ZnO 
nanorod array, wh i ch i nc l udes: coat i ng on a substrato ZnO nanopart i c l es serv i ng 
both as a buffer l ayer and a sood l ayor and grow i ng tho ZnO nanopart i c l es i nto 
crysta l s i n a nutr i ent so l ut i on conta i n i ng hoxamothy l onototram i no and Zn n i trate, Zn 
acotato, or a der i vat i ve thereof. 
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I n tho mothod, a react i on tomporaturo i s in tho range of 30 4 00 °C, and 
preferab l y 90 100°C. — Tho vo l ume rat i o of Zn n i trate, Zn acotato, or a der i vat i ve 
thereof to hoxamothy l onototram i no i n tho nutrient so l ut i on i s 10:1 to 1:10, and 
pr e f e rab l y 1:1. Th e s i z e and morpho l ogy of ZnO nanorods can b e contro lle d by 
adjust i ng tho concontrat i on and composit i on rat i o of tho nutr i ent so l ut i on for tho ZnO 
nanorod array. — For e xamp le , a r e action t i m e of 6 hours produc e s ZnO nanorods of 

about 1 ffft i n l ength and a react i on t i mo of 24 hours produces ZnO nanorods of 

about 2 ffft i n l ength. 

Prob le ms of random or ie ntat i on and bu l k s i z e of ZnO rods produc e d by a 
common hydrothorma l synthes i s aro ovorcomo by coat i ng on a substrate un i form 
ZnO nanopart i c le s serv i ng both as a buff e r l ay e r and a seed l ay e r accord i ng to th e 
present i nvent i on. That i s, s i nce tho un i form ZnO nanopart i c l os have tho same 
structure as ZnOto bo grown, they not on l y can servo as an exce ll ent buffer and 
sood l ayer for ZnO nanorods to bo grown on tho substrate but a l so can contro l tho 
ZnO nanorods to a un i form, prodotorm i nod l eve l s i ze. — Tho ZnO nanorod array 
thus form e d e xh i b i ts s i m il ar l as e r character i stics to e x i st i ng h i gh - qua li ty ZnO 
nanorod arrays synthes i zed at a h i gh tomporaturo or us i ng expens i ve equ i pment. 

Th e pr e s e nt i nv e nt i on a l so prov i d e s a m e thod of form i ng a ZnO nanowa ll 
array hav i ng a now morpho l ogy d i fferent from a genera l ZnO nanorod array- 
Mor e part i cu l ar l y, th e pr e s e nt i nv e nt i on prov i d e s a m e thod of form i ng a ZnO 
nanowa ll array, wh i ch i nc l udes: coat i ng on a substrate ZnO nanopart i c l os to sorvo 
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both as a buffer l ayer and a sood l ayer and grow i ng tho ZnO nanopart i c l os i nto 
crysta l s i n a nutr i ent so l ut i on conta i n i ng sod i um c i trate and Zn acotato or i ts 
der i vat i ve. 

I n th e m e thod, a r e act i on t e mp e rature is i n th e rang e of 30 - '100°C, and 
preferab l y 90 100°C. — Tho vo l ume rat i o of Zn acotato or i ts der i vat i ve to sod i um 
c i trat e i n th e nutr ie nt so l ut i on i s 30:1 to 1:10, pr e f e rab l y 10:1. — L i k e th e ZnO 
nanorod array, tho s i zo and morpho l ogy of ZnO nanowa ll s can bo contro ll ed by 
adjust i ng tho concentrat i on and composition rat i o of tho nutr i ent so l ut i on for tho ZnO 
nanowa ll array. — For examp l e, whon tho volume rat i o of a Zn acotato so l ut i on to a 
sod i um c i trate so l ut i on i s 20:1 , tho l ength and th i ckness of ZnO nanowa ll s are 

r e sp e ct i v el y i ncr e as e d up to 2 y& and 100 nm. — That is, as th e cont e nt of a sod i um 
c i trato so l ut i on docroasos, tho s i zo of tho ZnO nanowa ll s i ncreases, and v i co versa. 

Tho ZnO nanowa ll array of tho present invent i on has not boon reported 
prev i ous l y. — Tho ZnO nanowa ll array of tho present i nvent i on exh i b i ts super i or l aser 
character i st i cs, re l at i ve to any prev i ous l y known ZnO nano arrays. — Genera ll y, tho 

Duo to th i s, s i zo reduct i on of tho ZnO nanorods to i ncrease l aser character i st i cs 
resu l ts i n tho s i zes of tho [0001] p i anos got much more reduced than those of tho 
[01 10] or [1 1 20] nonpo l ar p i anos [J. Cryst. Growth, 20 4 , 186, 1999]. Thoroforo, 
i nc i d e nt li ght by e xt e rna l opt i ca l pump i ng i s most scatt e r e d by th e sma ll- ar e a [0001] 
p l anes. Furthermore, as i n general h i gh qua li ty ZnO nanorod arrays i n wh i ch a ll 
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[0001] p i anos aro or i ontod a l ong tho d i rect i on of i nc i dont li ght, most li ght rofractod by 
tho [0001] p i anos i s rofloctod outward w i thout i nterrupt i on. 

Actua ll y, tho rofract i vo i ndox (2. 4 5) of ZnO i s much h i gher than that (1 .00) of 
an amb ie nt a i r, and thus, most i nc i d e nt l ight i s d i r e ct l y r e f le ct e d. — Th e r e for e , on l y a 
m i nute port i on of i nc i dont li ght i s transm i tted and used for l asor of ZnO. Tho l owest 
l as e r thr e sho l d i n ZnO nanorods that hav e b ee n d e v el op e d h i th e rto i s AO kW/cm g - 
wh i ch i s obta i ned i n a nanorod array synthesized by a go l d cata l yzed VPT process 
as doscr i bod i n tho li terature [Sc i ence, 292, 1897, 2001]. — To ovorcomo thoso 
prob l ems of common ZnO nanorod arrays, tho [0001] p i anos must bo l argo enough 
to a ll ow i nc i dont li ght to pass through. — Furthermore, tho [0001] p i anos must face 
w i th e ach oth e r to cr e at e opt i cal traps so that r e f le cted li ght dos e not e as il y e scap e 
outward. — I n add i t i on, tho [0001] p i anos must bo nano s i zed to eas il y i nduce l aser. 
A structur e fu l f illi ng th e s e r e qu i r e m e nts i s r e ferr e d to as "nanowa ll " structur e - 
I n tho present i nvent i on, tho crysta l growth rate of tho [0001] p i anos of tho 
ZnO pr e cursor nanopart i c le s i s adjust e d by low - t e mp e ratur e hydroth e rma l synth e s i s 

us i ng c i trato i ons as fo ll ows: V t 44-20}-er-V {Q4 -4O } » V px^r^—VpxM f Tho c i trate i ons 
aro f i xod to Zn i ons of tho [0001] po l ar pianos by o l octrostat i c force. — Thoroforo, tho 
[0001] p i anos aro eff i c i ent l y b l oGkod from tho nutr i ont so l ut i on, thereby docroas i ng a 
crysta l growth rato [J. Am. Chom. Soc, 12 4 , 1295-1, 2002]. 

Such l ow - t e mp e ratur e synth e sis of th e pr e s e nt i nv e nt i on e nab le s us e of a 
S i wafor, un li ke convent i ona l techn i ques. — Each ZnO nanowa ll has m i cro s i zed 
[0001] p i anos and nano s i zod [11 20] or [01 10] p i anos. Tho s i ze of each p i ano 
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can bo contro ll ed by adjust i ng tho concontrat i on of tho c i trate i ons, react i on 
tomporaturo and durat i on, and tho concentration of tho nutr i ent so l ut i on. — Tho ZnO 
nanowa ll s thus formed create perfect opt i ca l traps by oxcopt i ona l arrangement of tho 
[0001] p l an e s and hav e l arg e r - ar e a [0001] p l anes, r el at i v e to thos e of ZnO nanorods, 
thereby produc i ng super i or l aser character i stics to current l y ava il ab l e ZnO 
structur e s. 

Tho ZnO nanopart i c l os used hero i n can bo synthes i zed by a known method 
[for examp l e, L. Spanho l and M. A. Anderson, J. Am. Chom. Soc. 113, 2826, 1991]. 

ZnO nanorod or nanowa ll array formation methods of tho present i nvent i on i s 
descr i bed i n more deta il . — Organ i c substances and amorphous S i Oa on a substrate 
( e .g., S i- waf e r, sapph i r e (A l a Q a), GaN, SGA I Mg0 4 , L i Nb0 3 , e tc.) w e r e r e mov e d by 
protroatmont. — Then, ZnO nanopart i c l os are coated on tho substrate, for examp l e 
by d i p - coat i ng, sp i n - coat i ng, or th e li k e . The ZnO nanopart i c le s - coat e d substrat e i s 
p l aced i n a Tef l on autoc l ave and i ncubated with a nutr i ent so l ut i on at a l ow 
t e mp e ratur e , for e xamp le 90 to 100"C, pr e f e rab l y 95 °C. — A f i na l product i s wash e d 
w i th do i on i zod water fo ll owed by water remova l . 

A l ow tomporaturo format i on method of a ZnO nanowa ll array accord i ng to tho 
present i nvent i on i nc l udes synthes i z i ng ZnO nanopart i c l os, coat i ng tho ZnO 
nanopart i c l os on a substrate (e.g., S i wafer, sapph i re (A I 2 Q 3 ), GaN, ScA I Mg0 4 - 
L i NbO a , etc.), and grow i ng tho ZnO nanopart i clos i nto crysta l s i n a nutr i ent so l ut i on 
conta i n i ng c i trate i ons. At th i s t i me, a protroatmont of tho substrate and a roact i on 
cond i t i on aro tho samo as i n tho ZnO nanorod array format i on method. 
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Effect of tho I nvent i on 

A ZnO nanorod array accord i ng to the pr e s e nt i nv e nt i on e xh i b i ts a l most 
equa ll y exce ll ent l aser character i st i cs, as compared w i th genera l nanorod arrays 
form e d us i ng e xp e ns i v e e qu i pm e nt and proc e ss e s. — A ZnO nanowa ll array of th e 
present i nvent i on exh i b i ts super i or l asor character i st i cs to genera l nanorod arrays or 
nanodot arrays. — Basod on those UV l asor character i st i cs, tho l asor dev i ces that 
ut ili ze tho ZnO nanorod or nanowa ll array synthes i zed accord i ng to tho present 
i nvent i on can bo w i de l y used i n noxt gonoration h i ghOdons i ty storage dev i ces w i th 
data dens i ty ov e r about thr ee t i m e s high e r than thos e of common DVDs or CDs 
us i ng near IR lasor, med i ca l l asers, i ndustr i a l l asers, opt i ca l commun i cat i ons, 
ho l ograph i es and th e li k e - 
Accord i ng to tho present i nvent i on, a S i wafer can bo ut ili zed w i thout requ i r i ng 
a comp li cat e d apparatus. — Th e r e for e , fabrication of n e w d e v i c e s hav i ng 
charactor i st i cs of tho most advanced Si optoe l ectron i c dev i ces and l asor 
charactor i st i cs of ZnO i s poss i b l e. — Furthermore, i t i s known that tho [0001] p i anos 
havo exce ll ent cata l yt i c character i st i cs. — St ill furthermore, because of h i gh dens i ty 
l argo [0001] p i anos per un i t area, tho ZnO nanowa ll array of tho present i nvent i on 
can bo used as a cata l yst for methano l or HgQg product i on by decompos i t i on of CO g - 

q ,- QQ 
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BEST MODE FOR CARRY I NG OUT THE I NVENT I ON 
Hereinafter, the present invention will be described more specifically by 

Examples. However, the following examples are provided only for illustrations and 

thus the present invention is not limited to or by them. 
<Example 1> 

ZnO nanoparticles were synthesized by (1) synthesizing precursors from Zn 
acetate and ethanol (99.5%) followed by (2) hydrolysis with LiOH. In more detail, a 
solution of 0.01 M Zn acetate in 100 ml ethanol was placed in a 250 ml Erlenmeyer 
flask equipped with a reflux condenser. The reaction solution was refluxed and 
distilled at 78 to 85 °C for about 3 hours until the volume of the reaction solution 
reduced to 40 ml. In this step, a reaction time is very important. If the reaction 
time exceeds 3 hours, bulky nonuniform particles may be created, whereby the 
solution becomes turbid. On the other hand, if it is less than 3 hours, functions as 
precursors may be lowered. Final product of precursors must be clear and 
transparent. 40 ml of precursors solution obtained were diluted with 60 ml of 0.1 M 
LiOH ethanol solution. At this time, if the temperature of the reaction solution is 
increased, the crystal size of ZnO may increase, thereby producing a 
suspension. To solve this problem, the reaction solution was placed in an ice bath 
and treated with ultrasonication of 1 20W, 35kHz for about 2 minutes. ZnO 
nanoparticles thus prepared had a very uniform particle size of about 4 nm. 

FIG. 1 is a High-Resolution Transmission Electron Microscopy (HR-TEM) 
image of the ZnO nanoparticles thus prepared. The distance between lattices was 
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about 5.2A which was equal to the length of the c-axis in typical Wurtzite ZnO. 
Since these uniform ZnO nanoparticles are starting materials for nanowalls, they are 
very important in formation of uniform nanowalls. 

<Example 2> 

A Si-wafer to be used in the present invention was pretreated as 
follows. First, the Si-wafer was washed with acetone in an ultrasonic bath and then 
subjected to removal of organic substances using a piranha solution (a mixed 
solution composed of 30% H 2 S0 4 and H 2 0 2 in a 2:1 volume ratio) at room 
temperature for about 30 minutes. Amorphous Si0 2 on the Si-wafer was also 
removed using a 20% HF solution. The Si-wafer thus obtained was temporarily 
free from Si oxidation due to hydrogen coated on surface oxygen. 

The Si-wafer after pretreatment was dip-coated with the ZnO nanoparticles 
synthesized in Example 1 at a rate of 4.21 cm/min and thermally treated at about 
200 °C to immobilize the ZnO nanoparticles on the Si-wafer. However, a final 
product is not affected even when the thermal treatment is omitted. 

<Example 3> 

A nutrient solution for formation of a ZnO nanorod array was prepared by 
mixing a 0.1 M Zn nitrate solution and a 0.1 M hexamethylenetetramine (HMTA) 
solution in a volume ratio of 1 to 1 (pH = about 7.0). The ZnO nanoparticles-dip 
coated Si-wafer prepared in Example 2 was placed in a Teflon autoclave and then 
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incubated with the nutrient solution at 95 °C for about 6 hours. However, a nanorod 
array can be formed even when the thermal treatment was performed for less than 1 
hour. The final product was washed with deionized water (1 8.2 uQ) followed by 
water removal at about 100°C. 

FIG. 2 is Scanning Electron Microscopy (SEM) images of surface(FIG. 2A), 
and a cross-section(FIG. 2B), and a TEM image of cross-section (FIG. 2C) of the 
ZnO nanorod array formed on the Si-wafer. As shown in FIG. 2, very dense ZnO 

nanorods of about 1 00 nm in diameter and about 1 .5 |im in length were perfectly 
oriented on the Si-wafer. 

FIG. 3 is a powder X-ray diffraction pattern of the ZnO nanorod array formed 
on the Si-wafer. Referring to FIG. 3, due to the perfect orientation of the ZnO 
nanorods, only the (00/) peaks were observed with no {hkO) peaks. This means 
that by the ZnO nanoparticles dip-coated on the Si-wafer, lattice mismatch with 
Si-wafer was efficiently reduced and the diameter and length of the ZnO nanorods 
were maintained uniform. 

<Example 4> 

To compare UV laser characteristics of the ZnO nanorod array perfectly 
oriented on the Si-wafer fabricated according to Example 3 with those of a common 
high-quality ZnO nanorod array, various photoluminescene (PL) experiments were 
performed. 

18 



371 of PCT/KR2004/002866 
Marked Specification 

For this, the ZnO nanorod arrays were optically pumped by various energies 
using a Q-switch YAG laser (Quanta, HYL-101) equipped with a 0.5-m spectrometer 
(Acton Research, Spectrapro-500) and an intensified charge-coupled device (CCD) 
(Princeton Instruments, ICCD576G) with gating resolution of 2 nanoseconds. 

FIG. 4 is power-dependent PL spectra of the ZnO nanorod array perfectly 
oriented on the Si-wafer. Referring to FIG. 4, the UV laser threshold of the ZnO 
nanorod array of the present invention was 70 kW/cm 2 which was almost similar to 
the lowest threshold (40 kW/cm 2 ) of a common ZnO nanorod array and was about 
50% lower than the threshold (150 kW/cm 2 ) of a common ZnO nanodot array. 

FIG. 5 is a PL spectrum of the ZnO nanorod array at 200 kW/cm 2 . Referring 
to FIG. 5, it can be seen that very strong second-stimulated emission occurred at 
200 kW/cm 2 by an electron-hole plasma (EHP) process. The linewidth of the 
second-stimulated emission was 0.1 3 nm which was about 4 times smaller than the 
emission linewidth (0.3 nm) of a common high-quality ZnO nanorod array at 100 
kW/cm 2 . The cavity length of the ZnO nanorod array calculated using the emission 

linewidth was 236 \im. 
<Example 5> 

A nutrient solution for formation of a ZnO nanowall array was prepared by 
mixing a 0.1 M Zn acetate solution and a 0.28 mM sodium citrate solution in a 
volume ratio of 1 0 to 1 . A ZnO nanoparticles-dip coated Si-wafer prepared in the 
same manner as in Example 2 was placed in a Teflon autoclave and then incubated 
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with the nutrition solution at 95 °C for about 6 hours. However, nanowall arrays can 
also be formed even when the thermal treatment was performed for less than 1 hour. 
A final product was washed with deionized water (18.2 uQ) followed by wafer 
removal at about 1 00 °C . 

FIG. 6 is SEM images of surface (FIG. 6A) and cross-section(FIG. 6B) of the 
ZnO nanowall array formed on the Si-wafer. Referring to FIG. 6, the ZnO nanowall 
array exhibited a new morphology which had not been reported previously. That is, 
unlike common hexagonal rod-like ZnO, the ZnO nanowalls of the present invention 
had rectangular shape of about 500 nm in height and crystal planes of about 0.5 to 2 

jim in width. The ZnO nanowalls were randomly oriented and faced with each other 
to efficiently create optical traps. In particular, the ZnO nanowalls had a large 
thickness ratio, i.e., an upper thickness of about 5 to 10 nm and a lower thickness of 
about 60 to 1 00 nm. That is, the vertical cross-sections of the ZnO nanowalls were 
triangle-like. Therefore, incident light, transmitted to the inner side of the ZnO 
nanowalls, can be accumulated on upper portions of the ZnO nanowalls. 

The crystalline planes of the ZnO nanowalls were observed by HR-TEM. FIG. 
7 is a HR-TEM image of surface (FIG. 7A) and a cross-section(FIG. 7B) of the ZnO 
nanowall array. Referring to FIG. 7, microscale wide planes of the ZnO nanowalls 
corresponded to the [0001] planes of common ZnO and nanoscale thickness of the 
ZnO nanowalls corresponded to the [1 1-20] planes of common ZnO. This means 
that the crystal growth rate of the ZnO nanoparticles of the present invention is as 

follows: V[oi-io] » V[oooi] -• V[ooo-i]- That is, the growth of the [0001 ] planes was 
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efficiently controlled by citrate ions, thereby inducing the growth of the ZnO 
nanowalls different from common hexagonal ZnO rods. 

As described above, the [0001] planes play an important role in laser. 
Referring to FIG. 8, all the [0001] planes of the ZnO nanowall array were oriented 
perpendicularly to the Si-wafer and had a microscale wide area. Therefore, 
external light can efficiently pass through the [0001] planes. Further, the [0001] 
planes of the ZnO nanowall array were randomly oriented along the c-axis of crystal 
growth planes and created optical traps so that all incident light was reflected by the 
[0001] planes facing with each other and then absorbed in the ZnO media. Still 
furthermore, each ZnO nanowall had the [0001] planes with trapezoidal sections. 
Therefore, each ZnO nanowall can act as an efficient optical waveguide. 

FIG. 9 is a powder X-ray diffraction pattern of the ZnO nanowall array. As 
described above, since all the [0001] planes were vertically aligned with respect to 
the Si-wafer, only the (hkO) peaks were observed in the X-ray diffraction pattern, 
which is in contrast to the result of FIG. 3 in which only the (00/) peaks were 
observed in the high-quality ZnO nanorod array formed in Example 3. 

Due to such specific crystal growth rate, morphology, and orientation of the 
ZnO nanowall array formed according to the present invention, it is anticipated that 
the ZnO nanowall array exhibits remarkably enhanced UV laser characteristics, 
relative to common nanorod arrays. 

FIG. 1 0 is power-dependent PL spectra of the ZnO nanowall array. Referring 
to FIG. 10, the ZnO nanowall array of the present invention exhibited the UV laser 
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threshold of 5 kW/cm 2 which was about 90% lower than the lowest threshold (40 
kW/cm 2 ) obtained in currently available nanorod arrays. 

FIG. 11 is a PL spectrum of the ZnO nanowalls at 1 5 kW/cm 2 . Referring to 
FIG. 1 1 , very strong second-stimulated emission was observed at 1 5 kW/cm 2 by an 
EHP process. The second-stimulated emission had a linewidth of 0.03 nm which 
was 600 times smaller than a spontaneous emission linewidth and 1 0 times smaller 
than the emission linewidth (0.3 nm) of a common high-quality ZnO nanorod array at 
100 kW/cm 2 . The cavity length of the ZnO nanowall array calculated using the 
emission linewidth was 1 ,01 1 §juti which was maximal among the cavity lengths of 
currently available ZnO structures. 

ZnO structures of various shapes were observed during formation of the ZnO 
nanowall array. FIG. 12 shows a flower-like ZnO array formed on a Si-wafer by 
diluting ZnO nanoparticles more than about 20 times followed by dip-coating. FIG. 
13 shows pineapple-like, bulk ZnO particles grown from a remaining solution after 
formation of the ZnO nanowall array. These pineapple-like, bulk ZnO particles also 
had wide [0001] planes, like the ZnO nanowalls. FIG. 14 is an SEM image of 
hexagonal plate-like ZnO nanoparticles grown by reaction of ZnO nanoparticles with 
a nutrient solution without dip-coating on a Si-wafer. This illustrates that in the case 
of using the synthesis method of Example 5, the crystal growth rate of ZnO is in the 
order of V[oi-io] >> Vpooi] ~= Vpoo-1]- That is, it can be seen that a crystal growth of 
ZnO nanoparticles in the c-axis direction is controlled by citrate ions, thereby 
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inducing a hexagonal flower-like structure of FIG. 12 or a hexagonal plate-like 
structure of FIG. 14, unlike a common hexagonal pillar-like structure. 

A ZnO nanorod array according to the present invention exhibits almost 
equally excellent laser characteristics, as compared with general nanorod arrays 
formed using expensive eguipment and processes. A ZnO nanowall array of the 
present invention exhibits superior laser characteristics to general nanorod arrays or 
nanodot arrays. Based on these UV laser characteristics, the laser devices that 
utilize the ZnO nanorod or nanowall array synthesized according to the present 
invention can be widely used in next generation high-density storage devices with 
data density over about three times higher than those of common DVDs or CDs 
using near-IR laser, medical lasers, industrial lasers, optical communications, 
holographies, and the like- 
According to the present invention, a Si-wafer can be utilized without reguiring 
a complicated apparatus. Therefore, fabrication of new devices having 
characteristics of the most advanced Si-optoelectronic devices and laser 
characteristics of ZnO is possible. Furthermore, it is known that the [00011 planes 
have excellent catalytic characteristics. Still furthermore, because of high-density 
large [00011 planes per unit area, the ZnO nanowall array of the present invention 
can be used as a catalyst for methanol or H?Q? production by decomposition of CO? 
or CO. 

While the present invention has been particularly shown and described with 
reference to exemplary embodiments thereof, it will be understood by those of 
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ordinary skill in the art that various changes in form and details may be made therein 
without departing from the spirit and scope of the present invention as defined by the 
following claims. 
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